A method of real-time heterodyne imaging interferometry using a three-phase correlation image sensor (3PCIS) is proposed. It simultaneously demodulates the amplitude and phase images of an incident interference pattern at an ordinary frame rate with good accuracy, thus overcoming the trade-off among measurement time, spatial resolution, and demodulation accuracy suffered in conventional interferometry. An experimental system is constructed with a 64 ϫ 64 3PCIS camera operated at 30 frames͞s and a two-frequency He-Ne laser with a beat frequency of 25 kHz. The results obtained for a scanning mirror and heated silicone oil confirm the proposed method.
Introduction
Optical heterodyne interferometry 1,2 (HI) is a technique for the precise measurement of phase differences between two interfering light beams of slightly different frequencies. In HI, the optical path length difference is obtained from the phase of the interference beat signal detected by a photosensor. It is said that the accuracy of phase measurement reaches as high a value as 2͞1000. The most significant problem with the conventional 2D HI method, however, is that it takes a long time to obtain a phase map because the photosensor or the measured sample should be scanned two dimensionally across the heterodyned beam. This problem results in a trade-off between spatial resolution and measurement time.
To decrease the measurement time in 2D HI, phase-shifting interferometry 3, 4 (PSI) is widely used. PSI uses two interfering beams of the same frequency and acquires a sequence of interference fringe images with an ordinary image sensor while shifting the relative phase between the beams step by step. The 2D map of initial phase differences between the two beams is demodulated by fitting the intensity profile of the fringe images to a sinusoid individually at each pixel. 5 The number of fringe images necessary for phase demodulation in PSI is three at a minimum and typically four, and demodulation accuracy increases with the number of images. On the other hand, however, the effective frame rate is decreased by the number of images, e.g., by one fourth in fourframe PSI. Thus, PSI suffers a three-way trade-off among spatial resolution, measurement time, and measurement accuracy. To increase the measurement speed, Akiba et al. 6 proposed a system of optical coherence tomography using two pairs of a liquidcrystal shutter and a high-speed CCD camera. However, this system introduces the problem of optical alignment and commercial availability of those shutters and cameras.
Another approach to decreasing measurement time is to use an image sensor that can directly demodulate the heterodyne interference phase simultaneously at all pixels in every image frame. 7 Dändliker et al. 8 used a device called a lock-in CCD for distance interferometry. The lock-in CCD, originally proposed by Spirig et al., 9 performs a temporal sampling of the interference waveform within a frame interval by integrating photocharges in multiple separate bins within each pixel in synchrony to a timing clock. This type of CCD sensor has also been proposed for imaging polarimetry by Povel et al. 10 The amplitude and phase images from these sensors are computationally demodulated from the multiple charge outputs by an algorithm similar to that of PSI. Due to the temporal sampling nature, however, interferometry based on lock-in CCD-type sensors still cannot resolve the trade-off between measurement accuracy and spatial resolution, which decreases as the number of integration bins increases to consume more pixel area. As another type of demodulating image sensor, Bourquin et al. 11 developed a sensor for optical coherence tomography, each pixel of which consists of a photodetector followed by a feedback circuit with a low-pass filter (LPF) and a rectifier. 12 For an incident interference waveform at a frequency above the LPF cutoff frequency, the pixel operates as an open-loop circuit to output the interference amplitude. However, this sensor cannot demodulate interference phase because of the pixel architecture.
The objective of this paper is to realize real-time heterodyne imaging interferometry (HII) that can demodulate the interference phase with good accuracy and spatial resolution. We propose a HII method using the three-phase correlation image sensor (3PCIS) proposed by Ando et al. 13, 14 The 3PCIS performs temporal analog correlation between the intensity of incident light and the three global reference signals at each pixel and then outputs the results as three images in every frame. In other words, the 3PCIS is an array of analog demodulator pixels in nature with three reference signal inputs. For an incident pattern under sinusoidal modulation, the 3PCIS demodulates the amplitude and phase images at good accuracy using three-phase sinusoidal signals of the modulation frequency with an equal phase difference of ͑2͞3͒. Therefore the 3PCIS realizes real-time HII at an ordinary frame rate while achieving high accuracy in phase demodulation without temporal sampling. Based on previous results, 15 this paper demonstrates real-time HII using a sample that changes its state rapidly.
In Section 2 the principle of the proposed real-time HII method using the 3PCIS is described. Section 3 shows an experimental HII system. Section 4 gives the experimental results of phase demodulation and real-time HII. Section 5 discusses some relevant issues in the proposed HII. Conclusions are given in Section 6. First, the operation of the 3PCIS pixel is briefly described; refer to Ref. 14 for more details. Figure 1 is 
where ͗·͘ denotes frame integration, and is a devicedependent constant. Q k are the output of the 3PCIS, which are read out from each pixel as three images in every frame.
B. Real-Time Two-Dimensional Demodulation of Heterodyne Interference Amplitude and Phase
The sensing principle in Eq. (1) allows the 3PCIS to demodulate optical heterodyne interference at its frame rate. Suppose that a pixel (i, j) receives a heterodyned light beam of beat frequency f 0 to generate a photocurrent expressed as
where B ij , A ij , and ij denote the dc component, the amplitude, and the initial phase of the ac component, respectively. We assume that the beat frequency is much higher than the frame rate, i.e., f 0 Ͼ Ͼ T
Ϫ1
. To demodulate the heterodyne interference patterns A ij and ij , we apply three-phase reference signals 14 of frequency f 0 to the 3PCIS given by
where 0 is a constant factor. Substituting Eqs. (2) and (3) into Eq. (1) with I(t) replaced by I ij ͑t͒ yields the 3PCIS output as 
where k ͑k ϭ 1, 2, 3͒ are added to account for noise. From the single-frame outputs Q k , the heterodyne interference amplitude A ij and phase ij are easily demodulated as images by least-squares estimation 14 as
We also obtain the average irradiance image as
Experimental System

A. Heterodyne Interferometer Optics
We constructed a polarizing Michelson interferometer using a 64 ϫ 64 pixel 3PCIS camera 14 and a two-frequency He-Ne laser source. Figure 2 shows a schematic of the imaging interferometer. The laser source (Photon Probe, Incorporated, type FSSET), illustrated in detail in Fig. 3 , comprises a stabilized He-Ne laser module (wavelength 0 ϭ 632.8 nm) and a frequency shifter module consisting of two acoustooptic modulators AOM1 and AOM2, each driven at f 1 ϭ 80 and f 2 ϭ 80.025 MHz, respectively. The frequency shifter module divides the original laser beam into two orthogonally polarized beams and shifts their frequencies by f 1 and f 2 to produce a beat frequency f 0 ϭ |f 1 Ϫ f 2 | ϭ 25 kHz. The two heterodyned beams merge into a single coaxial beam and enter the interferometer after passing through beam expander L1. The merged beams are split by polarizing beam splitter PBS1 and travel along different optical paths. Passing through quarter-wave plates QWP1 and QWP2 twice rotates the linear polarization of the two beams by 90°. Thus the polarized beams merge again by PBS1 and are imaged onto the 3PCIS through analyzer POL1 to produce an interference pattern oscillating at frequency f 0 . Mirror M1 of the interferometer can be scanned longitudinally by a piezoactuator to change the relative phase between the heterodyned beams. The phase difference ⌬ is related to the displacement of M1, ⌬z, as
B. Reference Signal Generation
To demodulate the interference amplitude and phase images, we generated three-phase reference signals for the 3PCIS by interfering a portion of the heterodyned beams through beam splitter BS and analyzer POL2, and then shifting the phase of the resultant beat signal by ͑2͞3͒ and ͑4͞3͒, as shown in Fig. 2 . The phase shift was realized by an analog phase shifter circuit that was adjusted to give a constant phase shift of ͑1͞3͒ for the beat frequency of 25 kHz. Three subtraction circuits on the camera board then performed subtraction between every pair of three signals-phase zero, phase ͞3, and "no signal"-to produce three-phase reference signals as 14 cos 2f 0 t Ϫ 0 ϭ cos 2f 0 t, This allowed the 3PCIS to demodulate the relative interference phase with respect to the reference signals.
The frequency of the reference signals should be equal to the beat frequency of the incident heterodyned beam on the 3PCIS. The best way to make these frequencies equal is to generate the reference signal at as close a point to the focal plane of the 3PCIS as possible, as is usually done in conventional heterodyne interferometry using two single photodetectors. If the reference signal is generated at a different point from the focal plane of the 3PCIS in the optical path, as done in the implementation in Fig. 2 , these two frequencies might become slightly different due to the instability in temperature and air pressure in the optical path. For a frequency difference ⌬f 0 , the correlation term cos͓ ij Ϫ Figure 4 is a photograph of the 64 ϫ 64 pixel 3PCIS camera 14 used in the experiment. The sensor chip was fabricated by using a CMOS foundry service available at the VLSI Design and Education Center, the University of Tokyo. 16 The camera was operated at the frame rate of 30 frames͞s. Some specifications of this chip are summarized in Table 1 . Although the pixel size of this sensor is rather large, the dimension can be shrunk to several tens of micrometers by further design consideration to achieve reasonable spatial resolution.
The output images from the 3PCIS were read by a personal computer (PC) in each frame using two analog-to-digital (A͞D) boards (Interface Corporation PCI-3163, conversion time 0.1 s) with two input channels each. The PC then converted the three images to an average irradiance image B ij and interference amplitude and phase images A ij and ij via Eqs. (5)- (7). This operation was carried out almost in real time for the 64 ϫ 64 pixel 3PCIS camera. Figure 5 shows an example of an average irradiance and demodulated amplitude and phase images captured by the 3PCIS in the system in Fig. 2 . The accuracy of phase demodulation was reported to be 0.85°or 52 dB in terms of signal-to-noise ratio (SNR) for a modulation frequency of 0.2-5.4 kHz and a modulation depth [A ij ͞B ij in Eq. (2)] of 0.4. 14 The image transfer might become slower for a 3PCIS camera with a very large number of pixels. Since the phase image is the most important, however, this problem can be avoided by, for example, demodulating the phase on the camera circuit board and then transferring only the phase image to the PC. This does not introduce significant delay in image transfer because the phase can be demodulated by simple mathematical computation in a very short time.
Results
A. Evaluation of Phase Demodulation
We conducted experiments on the heterodyne imaging interferometer in Fig. 2 in which we obtained a sequence of 3PCIS output images while scanning mirror M1 by a piezoactuator (NEC Tokin AE0505D08). The deformation-to-voltage characteristic of the actuator was 61 Ϯ 15 nm͞V in the catalog. Unfortunately, the use of this actuator did not allow ideal measurement conditions. The actuator was driven in open loop because it did not have a servomechanism to compensate for its hysterisis. Therefore we did not know the true displacement of the mirror and had to guess it from the applied voltage. Furthermore, some mechanical instability was likely to be introduced between the actuator and the translational stage scanning the mirror. Figure 6 shows the interference phase images demodulated for voltages from 30.0 to 36.5 V in 0.5 V steps. The pixels at which the demodulated interference amplitude is too small to define a reliable phase, mostly found in the image corners, are painted black. It is observed that the phase pattern in the images gradually changes as the voltage increases.
The change in the demodulated phase is expected to be almost linear to the displacement of the mirror except at 2 jumps. To examine this linearity, we computed phase difference images with respect to 30.0 V. Figure 7 shows the difference images, which exhibit uniform patterns as expected from the parallel, longitudinal shift of the mirror. The apparent drastic change from white to black between the images for 32.5 and 33.0 V was due to a 2 phase jump. These results confirm the capability of focalplane demodulation of heterodyne interference by the 3PCIS. Although absolute accuracy of phase demodulation is difficult to evaluate in this experiment because of the less than ideal conditions, subdegree accuracy can easily be expected from the 3PCIS characteristics as mentioned in Subsection 3.C.
B. Real-Time Imaging Example
Next, interference images were captured with the system in Fig. 2 by inserting in one of the optical paths a transparent object that would change its state in real time. Figure 10 (a) depicts the optical arrangement in this experiment, where a sample object was inserted between quarter-wave plate QWP1 and mirror M1, which was fixed this time. We used silicone oil as the sample, which was prepared in a glass cell as shown in Fig. 10(b) so that it could be heated with the heater during image capture.
For the setup in Fig. 10 we obtained an image sequence for several seconds at the frame rate of 30 frames͞s. Figure 11 shows the difference images of the demodulated phase with respect to the start at 0.0 s, sampled at a 0.2 s interval or on every sixth frame. It is observed that the change in phase difference occurs in the top left corner of the images and propagates toward the right and bottom of the glass cell. This reflects well the expected behavior of the silicone oil, which would first be heated from the left side by the heater, then move up along the heater toward the surface because its density would decrease with increased temperature, and finally sink toward the right and bottom. 
Discussions
A. Noise Analysis in Comparison to Lock-In CCD
The SNR in the 3PCIS can be analyzed in comparison to the lock-in CCD as follows. Suppose that the photodetector area and the quantum efficiency are the same in both devices to give the same average photocurrent B ij in Eq. (2), and also that the incident light has enough intensity to make the shot noise dominant. The variance of shot noise in a photocurrent is given by 2eB ij ⌬f, where e and ⌬f denote the charge of an electron and the signal bandwidth, respectively. In the 3PCIS, a dc bias current ͑1͞3͒B ij is integrated over a frame interval T in each of the three output charges. It also follows that the bandwidth ⌬f is approximated as ⌬f ϭ T
Ϫ1
. Thus the variance of each integrated charge is given by ͑2͞3͒eTB ij . In an N-tap lock-in CCD, the dc bias current, integration time, and bandwidth are B ij , T͞N, and ⌬f ϭ N͞T, respectively. The variance of each integrated charge is then given by 2N Ϫ1 eTB ij , which is equal to that of the 3PCIS for N ϭ 3. As a result, the level of shot noise is comparable between the lock-in CCD and the 3PCIS. The SNR, however, is not as high in the 3PCIS as in the lock-in CCD because of the gain factor 0 of the interference signal component in Eq. (4), where typically 0 ϳ 0.3.
In the lock-in CCD, the variance of the integrated charge might be reduced for larger N. However, it would consume more pixel area for additional integration bins, and, consequently, result in a smaller photodetector and lower SNR. Furthermore, because of the sampling by a rectangular time window, the lock-in CCD is more sensitive to higher harmonics in the interference signal, which may be caused by nonlinearity in the interferometer optics or in the imaging system.
B. Phase-Shift Error in Reference Signals
An error in the three-phase shifts in Eq. (3) introduces errors in the demodulated amplitude and phase. From the description of the phase shifter in Subsection 3.B, it can be said that the main error source lies in the error ⑀ in the initial phase shift ͑1͞3͒. Assuming ⑀ Ͻ Ͻ 1, this error alters the threephase reference signals k ͑t͒ in Eq. (3) as
The errors induced in the charges Q k , denoted by ⌬Q k , are then derived as
which implies that the phase shift error ⑀ introduces errors to the output charges in proportion to it.
C. Number of Reference Signals
The number of reference signals used in the proposed method is three. This number, not a larger one, is considered the most appropriate for the following reasons. First, three temporal correlations are both necessary and sufficient to demodulate the three unknown quantities of the interference signal-amplitude, phase, and bias-since the temporal correlations provide three equations to solve for the same number of unknowns. Second, a larger number of temporal correlations would degrade the SNR of the demodulated phase. In this case, more than three pairs of a multiplier and an integrating capacitor would be needed to be implemented within the pixel, thus reducing the photodetector area and, as a result, the photocurrent level.
D. Optimal Beat Frequency
There is a trade-off between phase demodulation accuracy and beat frequency. On the one hand, the beat frequency f 0 should be considerably higher than the frame rate T Ϫ1 of the 3PCIS to suppress the effect of truncating a sinusoid in the finite-time correlation integral in Eq. (1). The truncation error is proportional to sinc 2f 0 T cos͑2f 0 T ϩ ij ϩ ͑2͞3͒͒. This error decreases reciprocally to f 0 T, the ratio of the beat frequency to the frame rate, and is neglected for f 0 Ͼ Ͼ T
Ϫ1
. On the other hand, f 0 should also be considerably lower than the low-pass cutoff frequency of the 3PCIS pixel. 14 Therefore the optimal beat frequency can be found at which the total effect of the truncation error and low-pass response becomes minimal.
Unfortunately, due to the limitation of the frequency shifter module used, the beat frequency 25 kHz in the experiment is rather high compared to the cutoff frequency, which is approximately 21 kHz for the 3PCIS camera used. Under this condition, however, the output images of the experimental results in Section 4 still had a sufficient signal level despite the low-pass frequency response. It is also easy to compensate for this frequency response. 17 
Conclusions
We proposed a method of real-time HII using the 3PCIS, which simultaneously demodulates the amplitude and phase of heterodyne interference patterns at each pixel within a single frame. An experimental system based on a polarizing Michelson interferometer was constructed with a 3PCIS camera and a two-frequency He-Ne laser. The experimental results obtained for a scanning mirror and heated silicone oil confirm the reliability and usefulness of the proposed method. In contrast to other methods of heterodyne and phase-shifting interferometry, the proposed method has the following advantages:
